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Abstract 

The ratio of branching ratios in leptonic pion decay Rn = (r(7r~ 
efe))/(r(7r~ is a powerfully sensitive probe of new interac- 

tions beyond the electroweak standard model. This is due to the 
chirality suppression of the standard model amplitude for the decay, 
which results in a precise prediction for the ratio, and suppressed am- 
plitudes for new contributions to interfere with. We calculate, includ- 
ing QCD corrections, the contributions to Rj^ arising from a broad 
selection of standard model extensions to which it is sensitive, in- 
cluding: R-parity violating interactions in supersymmetric theories, 
theories with light (electroweak scale) leptoquark degrees of freedom, 
non-minimal models of extra doublet Higgs bosons, models in which 
the quarks and leptons are composite both with and without super- 
symmetry, and models with strong TeV scale gravitational interac- 
tions. Comparing with existing measurements of Rt^ we provide limits 
on each of these classes of models; our calculations also represent state 
of the art theoretical benchmarks against which the results from the 
upcoming round of leptonic pion decay experiments may be compared. 



1 Introduction 



In the Standard Model, the decay of the charged pion is chirally sup- 
pressed due to the V — A structure of the weak interaction. Mea- 
surement of the ratio of branching ratios p|^^^|^| thus serves as a 
test of new physics. In particular, various models predict additional 
pseudoscalar interactions, to which this ratio is particularly sensitive. 
These include R-parity violating supersymmetry, leptoquarks, extra 
Higgs theories, certain (super)compositeness models, and extra di- 
mension models with strong gravity at the TeV scale. Given the good 
agreement between the Standard Model prediction for p|^Z^|^^j and 
experiment, limits can be placed on the strengths of these interac- 
tions piaiaiasEiHEiEittniEiiiiiiTaiiattiiiiiiinittiitt^ 

[2ll[22l[23l|2a[25l[26l[lZl[28]. 

However, experiments at TRIUMF [29] and PSI [30] should soon 
reduce the uncertainty on the experimental i?7r, which is currently 40 
times greater than its theoretical counterpart, by about one order of 
magnitude. In view of these ongoing experiments it is timely to an- 
alyze the limits that the leptonic pion decay data already impose on 
theories of physics beyond the electroweak standard model. A com- 
panion purpose of this paper is to work out the formalism necessary 
to analyze generally the predictions for leptonic pion decay in large 
classes of models, to provide a reference set of calculations to which 
data from the ongoing round of experiments may be compared. 

We calculate, with new QCD corrections, the effect of an additional 
induced pseudoscalar interaction on the pion branching ratio. We 
then use the result to constrain different models of new physics, and 
compare our findings with the existing literature. Finally, we discuss 
our conclusions in light of the prospect of new pion decay experiments. 

2 Pseudoscalar Interactions And Pion 
Decay 

Let us consider the effective Lagrangian and matrix element for the 
process vr^ l^ui in the presence of pseudoscalar interactions (we 
follow the notation of [31] throughout this section). We can set limits 
on the strength of the pseudoscalar interactions from their interference 
with tree level W exchange. Since the pion is a pseudoscalar, we will 
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use the following relations for current matrix elements, 
(0 |u7/,75(i| 7r(p)) = iV2Upf, 
(0 1^75^1 vr(p)) = iV2fl = iV2 



ruu + rud 

(1) 

where f-,, = 93 MeV and /^r ^ 1.8 x 10^ MeV^. The matrix element 
for the tree level W contribution can easily be constructed by using 
eq.Q, giving; 

Mw± = Gpfn cos 9c[h''{l - 75>iK, (2) 

where is the pion momentum and 9c is the Cabibbo angle. A 
pseudoscalar contribution with left-handed neutrinos in the final state 
can be expressed clS cl four-fermi contact operator, 

Cp = -i^[lil-jM[uj5d] (3) 

where p is the pseudoscalar coupling constant. This expression can be 
converted to a matrix element using eq.([T]), 

Mp = p-^[l{l-jM. (4) 

In the presence of a pseudoscalar interaction, the overall matrix ele- 
ment for the process vr^ — > l^ui is the coherent sum, Aip + A4\y± = 
Ml. 



Ml = GfU cos ec[h^{l - -f5)ui]p^ + ^T^m - 15M (5) 



^/2A2' 



Having constructed the matrix element, we can now estimate the ratio 
of branching ratios, 

_ r(7r-^e^e) _ K-m^)(|Me.p) 

Summing over final states of the squared matrix element we have 
(IMP) = AG} cos' ecmnml-mf) + S^ll^^^rniirnl- 



2 _2^ 

- I III 

A4 



+2^-^(m^ - nil 



For simplicity we have assumed that the pseudoscalar couphng is real, 
however, in general p may be complex. The more general expression 
is obtained by making the following substitution. 



P 

{P? 



P + P* 



\P? 



= Re(p) 



We find that the branching ratio is given by 



{ml 



mz 



{ml -ml) [ml{ml - ml) + 



(8) 



(9) 



where the i?e,/i functions are 

^^■'^ = ^ G^/.A^ COS ge "^-'^("^--"^--^^+ 2/,^G^A4 cos^ 9. ^^^'^e,,)- 

(10) 

Thus far we have only discussed interactions with left-handed neu- 
trinos in the final state. The inclusion of right-handed neutrinos, 
or neutrinos of a different flavour, requires a modification since pseu- 
doscalar contributions to decays with right-handed, or distinctly flavoured, 
neutrinos in the final state cannot interfere with the W exchange 
graph; hence the contributions to the rate add incoherently. With 
right-handed, or distinctly flavoured neutrinos, the expression for the 
matrix element becomes, 



Ml 



P'U 

x/2A2 



[r(l + 75)z//]. 



(11) 



where p' is the pseudoscalar coupling involving right-handed neutrinos. 
Defining 



R^{SM) 



{ml - m^)2 ml 



{ml — ml)'^ ml 
we can express the branching ratio as 



= R^{SM) 



1 + 



Gf A2/^ COS Ocrrie 2G|,A4/2 cos2 6>cmi ^ 2G|,/2 A* cos2 e^m^ 



1.28 X 10" 



+ 



(12) 



V ^GFh:^Ucos0cmu. 2G2,A4/2 cos2 Ocml 2G'j,A*fi cos2 6»cm2 / 
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If we assume either universal scalar couplings or else scalar cou- 
plings involving only the first generation, we would obtain the follow- 
ing approximation for the ratio of decay widths, 

R ~ (^M\ (^ J- AT h^<P) , \p?fl , \p'?fl 

" ^ J I i + V / Q^^2f^ cos Q^^^ + 2G|A4/2 cos2 e,ml ^ 2GlK^f^ cos^ d,ml 



If we only keep the lowest order coherent interference terms in the 
couplings Pe and the leptonic pion decay ratio would change to 
approximately: 



(15) 



The best current theoretical estimate for this ratio in the Standard 
Model is R^{SM) = (1.2352 ± 0.0001) • 10"^, and was obtained by cal- 
culating QED radiative corrections to the decay [32l [33] , and consider- 
ing higher order terms in the QCD chiral Lagrangian [M]. Conversely, 
experiments measure i?^ = (1.230±0.004) • 10"^ [35l [Ml EZl [38] . Com- 
bining the errors, we find that at 2a, 

The additional interactions that we have considered so far interfere 
coherently with the Standard Model amplitude for pion decay, and the 
strength of the limit in equation (jl6p is partly due to this interference. 
However, we may also bound interactions that add incoherently with 
pion decay. For instance, the terms 

- ^^[^(1 - I5yx][uj5d] - - l5)T^y][ui5d], (17) 

where x ^ e and y ^ p, contribute to pion decay but only add in- 
coherently with the Standard Model amplitude. However, the lack of 
chiral suppression still allows us to put competitive bounds on some 
of these terms. These interactions would change the pion branching 
ratio to 

^^-^^^'^i'-^S§^r^SM^X '''' 



(14) 
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Following the above analysis we obtain the limit 



- 1-07 • 10-' < J,\Z2 2 - or^2 4.2 2 < 2-27 • 10-^ (19) 

The above limits were obtained ignoring QCD renormalization. 
We now calculate the one-loop QCD correction to these limits, still 
treating the additional interaction as a four-fermion local operator. 
The anomalous dimension of the operator [e(l — 75)j^e] ["^75^] is 7 = 
— fcKs We may use this anomalous dimension to compute the QCD 
enhancement of a pseudoscalar contribution to pion decay, regardless 
of the underlying physics. First, recall that we may write the running 
of an operator coefficient as 

.ta)=(^)*.fe). (20) 

For the pseudoscalar pion decay operator, ao = 8. Now, assume 
that the new physics responsible for this operator occurs at a scale 
A ~ 1 TeV. From A down to m^, we have six quarks, so 

60 = 11 - ^(6) = 7, (21) 

from the QCD beta function. QCD running from A to mt thus en- 
hances the operator by a factor of 

4 

^ ( as{mt) \ 7 , . 

c(A) \as{K)) ■ ^ ^ 

Note that since decreases with increasing energy, this is indeed 
an enhancement. From mt down to rrift, the renormalization group 
running again enhances the pseudoscalar operator. However, since 
the top quark is integrated out below mt, we must now use 

2, , 23 

6o = ll--(5) = y. (23) 

This procedure may be continued all the way down to the scale 47r/7r, 
where QCD becomes strongly coupled and chiral symmetry is sponta- 
neously broken [39lll0]. At this point, perturbation theory no longer 
provides a good description of the physics, and thus cannot predict 
the renormalization group running of the pseudoscalar pion decay op- 
erator. 
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By multiplying the enhancement factors from each stage of the 
running, however, we can at least obtain a partial estimate of the 
effects of renormalization on our limits. We find that the leading 
QCD corrections will enhance each bound by a factor of 

asi4:TTfn) \ / asimc) \ ^^^^^ / aJjnbA ^^^^^ / asimt) \ ^^'^ ^^4) 
as{mc) J \as{mb)J \as{mt) ) V «s(A) / 

where A is the scale at which the interaction occurs. Each factor may 
be computed numerically using the renormalization group equation for 
as, given the value of as at some reference point. We take as{mz) = 
0.1176, rUc = 1.27 GeV, rrib = 4.20 GeV, and mt = 171.2 GeV [35], 
and run using the QCD beta function. We also choose A = 1 TeV, 
to obtain a conservative lower bound on the QCD enhancement of any 
new operator. (Although the enhancement would be greater if A were 
increased, the difference would be minimal, since as runs very slowly 
at high energies.) Since the result is approximately 2.0, the net effect 
of the renormalization group flow has been to double the significance 
of any pseudoscalar contribution to pion decay. Conversely, given an 
experimental limit on the size of the pseudoscalar operator contribu- 
tion to pion decay, our computation of the QCD running will allow 
us to place limits on possible sources of pseudoscalar contributions to 
pion decay that are twice as strong. The new limit is thus given by 

— 53- 10^^ < ^/o -^^-^^(^g) _ ^/o f-^^^jPtj) 10^'^ (25) 

Similarly, for the incoherent contributions to pion decay, after includ- 
ing QCD corrections we obtain the limits: 



3 Super symmetry 

3.1 R-Parity Conserving Supersymmetry 

In supersymmetric models, for each Standard Model fermion, there is 
a boson, and vice versa. These superpartners have the same quantum 
numbers as the original particles, except for spin. Both gauge and non- 
gauge interactions in globally supersymmetric theories may be most 
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easily described in terms of interaction terms expressed in terms of 
superfields, each containing a Standard Model field with its super- 
partner (along with an auxiliary field) [41|, I42j. Using this formalism, 
we may construct the superpotential which encodes all the nongauge 
interactions of the minimal supersymmetric extension of the standard 
model. 

W = Uij{QiHu)Ui:'+dij{QiHd)Di'+e^j{LiHd)Ei'+f,HuHd, (27) 

where the superfield contains the left-handed zth-generation quark 
SU{2) doublet, E''£^ contains the conjugate of the right-handed jth- 
generation charged lepton SU{2) singlet, etc. Superpotentials are al- 
ways holomorphic functions of the superfields; i.e., they never contain 
the complex conjugates of superfields. We have used parentheses to 
indicate implicit contraction of SU{2) indices, and omitted SU{3) in- 
dices. Note that supersymmetric models have two doublets of Higgs 
fields; here, they are denoted by Hu and Ha, for the quarks to which 
they couple. W is the superpotential for the Minimal Supersymmet- 
ric Standard Model (MSSM), the simplest extension of the Standard 
Model incorporating supersymmetry. 

However, the MSSM superpotential does not contain all of the 
possible terms allowed by gauge invariance [411, 143]. By itself gauge 
invariance would allow dimension four and higher terms which violate 
either or both of baryon number or lepton number. (Note that these 
are global symmetries, not gauge symmetries.) To preserve baryon 
and lepton number, which prevent experimentally constrained pro- 
cesses such as proton decay from occurring, one conventionally im- 
poses a discrete Z2 symmetry called R-parity, under which a particle 
has charge 

R = (_l)3B+L+25^ (28) 

where B, L, and S are baryon number, lepton number, and spin, 
respectively. With this definition, all Standard Model particles have 
R = 1, and their superpartners have R = —1. With the assumption 
of MSSM field content, gauge invariance, and R-parity conservation, 
the superpotential governing nongauge interactions in the MSSM only 
contains the terms displayed above. 

R-parity conserving supersymmetry, as implemented in the Mini- 
mal Supersymmetric Standard Model (MSSM), is unfortunately only 
weakly constrained by the precision measurement of the ratio of lep- 
tonic branching ratios Rt^ in pion decay. Although the model contains 
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two Higgs doublets, and hence charged Higgs scalars, the fact that 
only one of the doublets couples to leptons, providing the charged 
lepton mass, means that the coupling of the physical charged Higgs 
to leptons is lepton mass proportional, and hence the effect of their 
tree- level exchange will cancel in the ratio Rt^. MSSM supersymmet- 
ric loop induced contributions, to either an induced pseudoscalar, or 
axial-vector, amplitude in leptonic pion decay have been computed in 
|26) . They are not at a level that would have been detected in present 
experiments; furthermore, in order that they be sufficiently large to 
be detectable in the upcoming round of pion decay experiments, one 
would need to choose the supersymmetry breaking parameters to be 
sufficiently small that the superpartners would be copiously produced 
at the LHC, and generally that their direct discovery would be possible 
with initial data at the LHC. While the R-parity conserving MSSM is 
more accessible to direct discovery at colliders, rather than through its 
effects in R.,^ , when one allows for the possibility of R-parity violation 
then pion decay again becomes a potentially powerful probe, as we 
now discuss. 

3.2 R-Parity Violating Supersymmetry 

As noted in the previous subsection, the MSSM superpotential does 
not contain all of the possible terms allowed by gauge invariance 
[mils]. In particular, the Ll and Hd superfields have the same gauge 
quantum numbers, and we may thus make the substitution Hd Ll 
in any allowed superpotential term to obtain another allowed superpo- 
tential term. This substitution may be performed on the second and 
third terms in the MSSM superpotential above. With the last term, 
the substitution gives an unphysical, after field redefinition, bilinear 
coupling between leptons and Higgs fields, which we omit. Also, a 
UID'f^D'f^ term is not forbidden by any of the gauge symmetries. The 
additional superpotential terms that we consider are thus of the form 

A,,,(LiLi)i^^'^ + KdLlQi)D]:^ + K^^TDrD^, (29) 

where again SU (2) singlets are indicated by parentheses and SU (3) 
indices are omitted. Note that by the SU{2) and SU{3) gauge sym- 
metries, respectively, we have Xijk = —\jik and = —^'Ikj- Each of 
these R-parity violating terms explicitly violates either baryon number 
or lepton number. 
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If the S-violating Uf^Df^DI and L- violating {LlQl)D^j^ terms are 
both allowed, proton decay places extremely stringent constraints on 
the products A' A" [H]. Other bounds involving the i3-violating cou- 
plings are discussed in |45j : in particular, when the C/£-D£Z)£ and 
{LlLl)E^ terms are allowed, proton decay still yields excellent con- 
straints on most products of couplings. We consider only the L- 
violating terms, setting X'l-^^ = 0. Under different coupling structures, 
two types of contributions to pion decay are possible, shown in fig- 
ures [1] and [2j We assume the double coupling dominance hypothesis, 
considering only two couplings to be significant at a time. This as- 
sumption allows to apply our general limits from the previous section 
to each new contribution separately, ignoring cancellations between 
the contributions. 

Two types of diagrams are allowed by the new superpotential 
terms. The first, shown in figure (U corresponds to slepton exchange 
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Prnnnfl" of fonnlincft; 


l\[p w 1 i m i f 

INC VV 111111 u 


Pyp^riz-vii c 1 im if TTnTTI 9 Tl 
± ICVlWU-O llllllu llWlll ^ X 1 




Z^.V A lU l^ll 




-Ttt; 1^^122^111 j 




.U /\ XU o]^ 


Rpf Aim a'* 
rte 1^^121^211 J 


9 V 1 n^'^fpoP 


^ n V 1 n~'^fpoP 

fJ.U /\ xu 1^21 


rte 1^^122^211/ 


1^x1 D^^fpoF 




Re(Ai3iA;ii) 


2.9 X 10-6[ei]2 




Re(Ai32Ai*ii) 


1.3 X 10-3[gi]2 




Re(Ai3iA3*^]^) 


2.3 X 10-^[e3]2 


5.0 X 10-^[e3]2 


Re(Ai32A3li) 


1.3 X 10-3[g3]2 




Re(A23iA2ii) 


2.9 X 10-6[e2]^ 




Re(A232A2ii) 


1.3 X 10-3[e2]^ 




Re(A23iA3ji) 


2.9 X 10"6[e3]2 




Re(A232A3ii) 


4.8 X 10-5 [es]^ 


*2.0 X 10-5[g3]2 



Table 1: Limits on R-parity violating SUSY coupling combinations Re(AA'*) 
from slepton exchange. The starred entries are previous limits from reference 
[2T] which we believe to be erroneous, as they seem to have been obtained 
under the assumption that the interference from amplitudes that add coher- 
ently is always constructive. We use [e] to represent in^n^y ■ 



and has effective strength 



Pk 



2 

P'k = (30) 



where A and A' are the couplings at the vertices, and in the second 
equation j ^ k. From this, we can obtain a Umit on the product of 
couphngs in terms of the mass of the mediating particle. The hmits 
obtained in this manner are shown in tabled) Note that throughout 
our results, we use [q] to represent igffGeV' 

We may obtain another effective contribution to pion decay by 
Fierz reordering an interaction arising purely from the LlQlD'^ cou- 
plings, shown in figure [2j This contribution has already been consid- 
ered |12l [2T| [26] , but we update the limits using current experimen- 
tal data and the QCD correction. The Fierz reordering weakens the 
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Figure 2: Another R-parity violating SUSY contribution to pion decay, 
which has been considered before [12]. The superpartner of the left-handed 
ith generation down quark is denoted by (i^. 



12 



Product of couplings 


New limit 


Previous limit from [21j 


l^llll 


3.6 X 10-^[di]2 


6.8 X 10-^[di]2 


1 y |2 
1^112! 


3.6 X lO-^irfs]^ 


6.8 X 10-^[d2]^ 




3.6 X 10-4[d3]' 


6.8 X lO-^irfa]^ 


1 X' |2 

1-^211! 


1.7 X 10-3[di]2 


3.5 X 10-3[Ji]2 


1 X' |2 
1^2121 


1.7 X lO-^i^s]^ 


3.5 X 10-'^[d2]^ 


1 X' |2 
1^2131 


1.7 X 10-3[(i3]2 


3.5 X 10-=^[d3]^ 



Table 2: Updated limits on R-parity violating SUSY couplings |A'p from 
squark exchange. We use [q] to represent YotTGeV" 



bound, since there is now chiral suppression. We have 

K ^ B,(SM) (1 + (j^^) (|a;„P - , (31) 

where m is the mass of the mediating down squark. The resulting 
hmits are shown in table [2j 



4 Leptoquarks 

Leptoquarks, particles that have interactions vertices that simultane- 
ously involve both leptons and quarks, appear in various extensions 
of the Standard Model, including Grand Unified Theories [46|, Wl\ H8] 
and technicolour models [1^. If we require that the Lagrangian re- 
mains invariant under SU{3) x SU{2) x U{1) transformations, but 
allow violation of the global symmetries corresponding to baryon and 
lepton number, we may write the new terms [10] 




where is the conjugate of the field X, and barred fields are outgo- 
ing. (Note that in this convention, which we have adopted from |10j . 
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4 
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8 
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Sl/2 





2 5 
3' 3 


7 
3 


Sl/2 





1 2 
3' 3 


_1 


Si 





2 14 
3' 3' 3 


~3 


Vo 


1 


2 
3 


4 
3 


Vo 


1 


5 


_ 10 


Vl/2 


1 


1 ^ 4 
3' 3 


~3 


Vl/2 


1 


2 1 
3' 3 


1 

^4 




1 


1 2 5 
3 ' 3 ' 3 


3 



Table 3: Quantum numbers of the leptoquarks in equation [321 



li^ is the conjugate of the ur field, which is left-handed. This differs 
from the convention used everywhere else in this work, where is 
the right-handed up anti-quark field.) A summary of the leptoquarks 
and their quantum numbers is given in table [3l We have explicitly 
indicated the SU (2) algebra of weak isospin using the Pauli matrices. 

Leptoquarks can provide both pseudoscalar and axial-vector con- 
tributions to pion decay. Both of these types of contributions interfere 
with the Standard Model amplitude, but the axial-vector contribution 
is still chirally suppressed, and will thus lead to less stringent bounds. 
Here, we revise the previous limits on leptoquark couplings, using the 
latest experimental data for and including the QCD correction 
factor. 

Pseudoscalar leptoquark contributions to pion decay arise from the 
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effective four-fermion interactions 




'So 



(33) 



+ 



+ 



+ 




-(4'4'^)(44)+ h.c. 



(34) 



(35) 



(36) 



(Note that the interactions have been Fierz reordered.) These inter- 
actions contribute to pion decay when any of the products A^^A'^^ is 
nonzero, where k = 1 for the electron decay channel and k = 2 for 
the muon decay channel, and i is the generational index of the unob- 
servable outgoing neutrino. When i = k, the contribution interferes 
coherently with the W exchange amplitude; otherwise, the interference 
is incoherent. Taking only the real part, we have 



for the contributions involving scalar and vector leptoquarks, respec- 
tively, where for the p' we have assumed i ^ k. Substituting into 
equation [251 we obtain bounds on products of leptoquark couplings, 
which are shown in table [H 

The amplitudes for the axial-vector leptoquark contributions have 
the same structure as the Standard Model amplitude, since the effec- 



Pk 



Pk 
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Product of couplings 



New limit 



Previous limit from [14J or [21J 



Re(Aii 



LSo 



^RSo) 
\21* \ 

\21* \ 

^RSo) 
\21* \ 



4.6 X 10 

2.6 X 10 

5.8 X 10 

9.5 X 10 
5.8 X 10 

2.6 X 10 



'[So? 
'[So? 
'[So? 
-'[So? 
-'[So? 
'[So? 



1 X 10" -poj 
*2 X 10-^ [5o]^ 
*1 X 10-^[So? 



2 X 10-^[ooj 
*1 X 10-6[5o]' 
*2 X 10-4 



1 X 10-6[5i/2j" 

*2 X 10~'[S,/2? 

*1 X lO~^[Si/2? 

2 X 10-^[Si/2? 
'1/2]^ 
'1/2? 



Re(AiV 
Re(AiV 
Re(AiV 
Re(AiV 
Re(AiV 
Re(A34 



1/2 



^11* 

RS-i/2' 
\21* ^ 

\ 11* 

\ 21* ^ 

RSi/2' 

RS-i/2' 



4.6 X 10 
2.6 X 10 
5.8 X 10 

9.5 X 10 
5.8 X 10 

2.6 X 10 



-^[^1/2]^ 

-^[^1/2]^ 

-'[Sy,? 

''[Sl/2? 

-'[S1I2? 

-'[Sl/2? 



n X io-6[5] 

*2 X 10-4[5] 



t9.8 X io-«[yo]' 

*1 X lQ-^[Vo? 

*5 X 10-^[K)]^ 
1.0 X 10"4[\/o]2 
*5 X IQ-'^[Vq? 
*1 X 10-4[\/o]^ 



Re(Aii 
Re(A 



11 
LVo 



Re(A2i 



21 



Re(A 
Re(A=^i 
Re(A 



31 
LVo 



\11* \ 

\21* \ 
^RVJ 

\21* \ 
^RVj 

\21* \ 



2.3 X 10 

1.3 X 10 
2.9 X 10 

4.8 X 10 

2.9 X 10 
1.1 X 10 



-'[Vo? 
-'[Vo? 
-'[Vo? 
-'[Vo? 
-'[Vo? 
-'[Vo? 



5.0 X 10-7[yi/2]' 
*1 X lQ-^[Vy2? 
*5 X lO-'iVi/^? 
t2.0 X 10-5 
*5 X 10-''[V,/2? 
*1 X 10-4 [Fi/a]' 
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Re(A 

Re(AiV, 
Re(AiV, 
Re(AiV, 
Re(AiV, 
Re(A3i 



1/2 



\ 11* ^ 

\21* ^ 



1/2 



1/2 



1/2' 
11* \ 



1/2 



1/2 



A 



\21* ^ 

'^RV^/2' 
\ 11* ^ 

\ 21* ^ 



2.3 X 10 

1.3 X 10 

2.9 X 10 

4.8 X 10 

2.9 X 10 
1.3 X 10 



-'[Vl/2? 
-'[Vl/2? 
-'[Vl/2? 
''[V,/2? 
''[Vl/2? 
-'[Vl/2? 



Table 4: Updated pseudoscalar leptoquark limits. The starred entries are 
previous limits from reference [11] which we believe to be erroneous, as they 
seem to have been obtained by treating incoherent contributions as being 
coherent. The daggered entries are previous limits from reference [21] which 
we believe to be erroneous as well, as they seem to have been obtained under 
the assumption that the interference from amplitudes that add coherently is 
always constructive. We use [Iq] to represent YoJTGeV" 
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Product of couplings 


iNcW llllilL 


JrlcVlUUb llllilL llUlll I-Lt:| Ul l^i^J-l 




2 
2 


3.6 X 10^^ [5o]' 

1.7 X 10-3[5o]' 


4 X 10-3 [5o]2 
4 X 10-3[5o]2 




2 
2 


3.6 X 10-^[5i]2 

1.7 X 10-3[5i]2 


4 X 10-3[5i]2 
4 X 10-3[5i]2 




2 


1.8 X W-^[VoY 
8.7 X lO^^jyo]^ 


3.4 X io-4[yo]' 

1.7 X 10-3[X/o]2 




2 
2 


1.8 X 10'^[Vi]'^ 
8.7 X 10-^[yi]2 


1.7 X 10"3[14]2 
3.4 X 10-^[yi]2 



Table 5: Updated axial- vector leptoquark limits. We use [Iq] to represent 

100 GeV 



tive interactions that lead to these contributions are 

Ces 3 ^S^(diV4')(e-i7/.4) (39) 

- ^'^^{dfrui'MlA) (40) 

yij ^kl* 

+ ^^°/^° (nl7^rfi)(e-i7M4) (41) 

- ^V^(47^rfL)(e"i7M4)+ h.c. (42) 

Since these contributions are chirally suppressed, they will not be 
bounded as strongly as their pseudoscalar counterparts. They have 
the effect of changing the ratio of branching ratios to [13] 

. H.(SM)(l.(i)-|g^-(i)-|M^) ,43, 

/ l-vll |2 |\21 |2 \ 

« R^{SM)[l + (44) 

Again we limit only one product of couplings at a time, resulting in 
the bounds that are displayed in table [5l 
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5 Extra Higgs Bosons 



Many extensions of the Standard Model incorporate extra Higgs parti- 
cles, which may contribute to pion decay [2]. We consider the general 
case of two Higgs doublets with hypercharge +1, 



for i = 1,2. In general, both of the Higgs doublets may acquire vac- 
uum expectation values (vevs) in their lower components (to preserve 
electric charge) after spontaneous symmetry breaking. By appropri- 
ate U{1) rotations, these vevs may be chosen to be real. Now, by a 
rotation in </>i-</>2 space, we may select out a particular combination 
of the Higgs doublets, H, that has a vanishing vev. (The orthogonal 
combination, with a non-trivial vev, assumes the role of the Standard 
Model Higgs.) The couplings of H to the quarks and leptons is fixed 
only by gauge invar iance, and in general we may have 



£ D A'^{QIH)D^^ + B'^{QiH*)Uj^ + &^{LlH)E^^ + h.c. (46) 



in terms of the chiral quark and lepton fields, where A, B, and C are 
arbitrary 3x3 matrices, and parentheses indicate SU{2) singlets. 

Now, the coupling matrices may have significant off-diagonal terms, 
which would lead to fiavour-changing neutral currents. In addition, 
the couplings are complex in general, leading to CP-violating inter- 
actions. Models that incorporate extra Higgs doublets thus usually 
impose consraints on their allowed couplings. For instance, in the 
Minimal Supersymmetric Standard Model, one Higgs doublet couples 
to the up-type quarks, while the other doublet couples to the down- 
type quarks and leptons. Such a scheme eliminates the possibility of 
fiavour-changing neutral currents at tree level. However, these con- 
straints also remove the contribution of the Higgs sector to pion decay, 
and so we place no a priori restrictions on the H couplings here. 

The parts of the above Lagrangian terms that contribute to pion 
decay are 



£ D A^^uiH+d]i + B^^diH-u\ + C^^ulH+e\ + C^^ulH+ej^ + h.c. 



£ D H+{A''-B''*)uj'^d+H- -^e{l - ^'')v, + -—JiiX - f)v^ + 




(45) 



(47) 



In terms of Dirac spinors, we have 




(48) 
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Product of couplings 


Limit 


Re(A"C7"*) 

Re(A"C22*) 
Re(S"*C22*) 


1.2 X 10-'^[H]^ 
1.2 X 10-^[i7]2 
2.4 X 10-^[Hf 
2.4 X 10-5[i7]2 



Table 6: Limits on couplings of an extra Higgs doublet. We use [H] to 
represent j^^^. 



and it follows that 



A2 

A2 ~ 



(49) 
(50) 



where uih is the mass of the H field. 

Assuming that only one of and B^^ is non-zero (in analogy with 
the doubling coupling dominance hypothesis), we obtain the limits 
shown in table [H 



6 (Super) Compositeness 
6.1 Compositeness 

Models of composite quarks and leptons in general induce four-fermion 
contact interactions, suppressed by two powers of the compositeness 
scale. In general, these interactions may yield scalar, pseudoscalar, 
vector, axial-vector, or tensor contributions to Standard Model am- 
plitudes. Ignoring tensor interactions, note that for two Dirac spinors 
■0^ and ilP' 



^V' = V^iV'R + V^RV'i (51) 

ViS^^' = ^li^l - i^Ul (52) 

v^S'^^' = ^Rri^R + (53) 

i^^i^iH^ = i^Wi^R - i^h^^l (54) 

In particular, vector and axial-vector interactions couple spinors of 
the same chirality, while scalar and pseudoscalar interactions "flip" 
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chirality. All gauge boson-fermion couplings in the Standard Model 
are combinations of vector and axial- vector interactions, so it is often 
useful to consider chirality-conserving structures, since such contribu- 
tions interfere with vector boson exchange. The Particle Data Group 
convention for the general form of these interactions is [35^ [50] 

^2 _ _ _ _ _ _ 

(55) 

where g is an arbitrary coupling, and the "0 are fermionic fields that 
may be either leptons or quarks. Usually, conservation of baryon num- 
ber and lepton number is assumed, so that only operators with four 
leptons, four quarks, or two leptons and two quarks are considered 
[35]. Following convention, we will choose |^ = 1 and set each rj to 
either or ±1, then extract a limit on A. 
We consider the effect of the operator 

{uLrdL){eLl^{iye)L), (56) 



2A2 



with 1^ = 1 chosen as described above, and limit the compositeness 
scale A. Although its contribution is chirally suppressed (as expected, 
since the operator conserves chirality), the contact operator interferes 
coherently with the Standard Model contribution to pion decay. It 
changes the ratio of branching ratios to 

« i?,(SM) + , (57) 



leading to the bound 



A > 8.5 TeV. (58) 



In the massless fermion limit, only vector and axial-vector opera- 
tors, not scalar and pseudoscalar operators, can interfere with vector 
boson exchange, since and ijjR decouple from each other as m — > 0. 
Now, although the massless limit is a good approximation at high- 
energy colliders, pion decay requires a chirality flip (and hence a mass 
term), and so (pseudo)scalar operators may be tightly constrained us- 
ing the pion branching ratios. We thus place limits on the pseudoscalar 
interactions 

^ {u-t^d){e-i^v), (59) 



2A2 
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2 

again assuming |^ = 1, and neglecting the analogous operator which 
contributes to the muon decay mode. For the operator involving the 
electron neutrino, the effective strength of the coupling is 

A2 = (60) 

and so we obtain a limit of 

A > 5.2 • 10^ TeV. (61) 
For the operators involving the muon and tau neutrinos, we have 

^ - — (62) 

and the limit is 

A > 1.0 • 10^ TeV. (63) 

As expected, these limits are much better than that on the vector 
operator above, because pseudoscalar contributions to pion decay are 
not chirally suppressed. 

Finally, we limit the {qq) scalar contact interactions, which hypo- 
thetically might arise in preon models where the constituent binding 
on prcons that form quarks was effectively vcctorlike, giving both chi- 
ral states of quarks and parity conserving scalar quark bilinear con- 
tact interactions, without their parity odd pseudoscalar counterparts. 
These would appear in the effective dimension six operators 

^ {ud){eu), (64) 



2A2 



which axe not chirally suppressed. Although these operators do not 
contribute to pion decay at tree level, because the pion is a pseu- 
doscalar particle, renormalization leads to a modification of R-,^ at one 
loop. We may sec this phenomenon explicitly by working in the quark 
chiral basis, writing 

(P' _ _ 9^ - - 9^ - 

;{ud){ev) = ^rTi2{uRdL){eRUL) + wToi'^LdRlieRUL), (65) 



2^2v— /V-/ 2A2^ "^^^^^^ ' 2A2' 

where we have ignored right-handed neutrinos. The two chiral opera- 
tors above are renormalized differently, so if they start out with equal 
coefficients at the scale A, then their coefficients will be different at 
the weak scale, where the renormalization group equations change as 
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we integrate out the W. The difference between the coefficients cor- 
responds to a pseudoscalar operator, which may then be limited as 
before. We write the operators 

01 = ci{eRLL){QLdR) 

02 = C2{eRLL){uRQL) 



O3 = C3 (-0 (eRa^^'LLXuRa^uQi) 



(66) 



where we have suppressed SU{2) indices and taken o"'^^ = §[7^,7'^]. 
The coefficients satisfy the partially coupled renormalization group 
equations 

"Mi = ik^-^'^- «'^' 

where summation over repeated indices is implied and the anomalous 
dimension matrix is 



'Qg2 + ^^'2 

6g^+'-fg'' 6g^ + Wg'^ \. (68) 

h' + fg' Ug'+'-fg' 

In this expression, g and g' are the SU{2) and U{1) couplings, respec- 
tively, and are renormalized according to [41] 



5o 1 / 19\ o 

dM 327r2 V 5 y ^ ^ 

Starting with ci = C2 = C3 = at M = 1 TeV, numerical inte- 
gration yields |c2 - ci| « (2.5 • 10~^)|^ at M = 100 GeV, which is 
approximately the weak scale. We thus effectively have 

|| = (2.5 .10-3)^, (71) 
|| = (2.5.10-=^)^, (72) 

which lead to the limits 

A > 26 TeV (electron neutrino), (73) 
A > 5.0 TeV (other neutrinos). (74) 
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Figure 3: A contribution to pion decay involving gluino dressing of a 
dimension-five supercompositeness operator. 



These limits are weaker than those in the pseudoscalar case, because 
although the scalar contributions to pion decay arc not chirally sup- 
pressed, they involve one loop diagrams (through the renormalization 
group equations), which are suppressed by a power of the gauge cou- 
pling relative to their tree level counterparts. 

6.2 Supercompositeness 

Supercomposite models treat (s)quarks and (s)leptons as composite 
particles, with the compositencss scale above the scale of supcrsym- 
metry breaking so that the induced contact operators include super- 
symmetric particles. The leading contributions of such models to pion 
decay come from dimension-five operators in the Lagrangian. (The op- 
erators are dimension-five because they involve two scalars and two 
fermions, as opposed to the dimension-six compositencss operators of 
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the previous section, which involved four fermions.) These operators 
are suppressed by one power of the supercompositeness scale, and 
come from two types of terms in the Lagrangian. The F-terms come 
from the superpotential, as discussed in section [3T2l while the D-terms 
are the Lagrangian terms that can not be obtained from the super- 
potential, because they involve the complex conjugates of superfields. 
The terms which respect the SU{3) x SU{2) x L'^(l) gauge symmetries 
and R-parity are [5l] 

{LlEIH*)d, {QlDIH*)d, {QlUIH^)d, {LlLlHuHu)f-, 
{QlQlUIDDf, {QlUILlEDf, {QlQlQlLl)f, {uiuidieDf. 

(75) 

The contributions to pion decay from the D-terms involve the cou- 
plings of Higgs particles to first-generation quarks and leptons, which 
are small, and so we only consider the F-term contributions to pion 
decay. Examining the above operators, we see that there is only one 
F-term that contributes to pion decay, jjQlU^LlEI, where M is the 
supercompositeness scale. We may calculate its contribution by super- 
symmetric loop dressing of the dimension-five compositeness operator 
|52| . The dominant contribution to the amplitude will be from gluino 
exchange, shown in figure [3l After performing the loop integral, tak- 
ing rUg ~ rriu ~ m^, we find that the amplitude associated with this 
diagram is 

up to a complex phase, where M is the supercompositeness scale and 
nig is the gluino mass. Neglecting the effect of the contribution to the 
muon decay channel, we may equate 

Pl = ^ l_ (77) 

For as ~ 0.1, this leads to the limit 

Mrug > 6 • 10^ TeV^. (78) 

Taking rUg ~ 1 TeV for illustration, we are left with a supercompos- 
iteness bound of 

M > 6 • 10^ TeV. (79) 
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7 Strong Gravity 



Recently there has been interest in models which address the hierarchy 
problem by invoking extra dimensions of spacetime [53[ (for a 
review see |55j ) . In these models gravity freely propagates in the extra 
dimensions, while normal standard model fields are either confined to 
a 3+1 dimensional brane, or have otherwise localized wavefunctions in 
the extra dimensions. The net result is that in these models the higher 
dimensional gravitational theory has strong gravitational interactions, 
with a fundamental Planck mass at the TeV scale, and the apparent 
weakness of four dimensional gravity is due to dilution or redshift 
effects. 

Black holes will exist as states in the higher-dimensional theory 
with masses of order the higher-dimensional Planck scale and above. 
Collisions of standard model quanta at sufficiently high energies should 
then be able to produce higher-dimensional black holes at the location 
of the standard model brane |56l \57\ [58] . Also quanta will generically 
be non-local on the scale of the higher-dimensional Planck length; 
attempts to localize the quanta on shorter distance scales would in- 
volve super-Planckian momentum and energy transfer, resulting in the 
quantum formation a black hole of intrinsic size at least the Planck 
length. As such we would expect all quanta to have composite "over- 
lap" interactions with a length scale set by the higher dimensional 
Planck length. At low energies, for quarks and leptons, the leading 
effect of these composite "contact" interactions would be described 
by four-fermion dimension-six operators, of the type analyzed in the 
previous section on quark/lepton compositeness; since the composite- 
ness is due to (quantum) gravitational non-locality, the compositeness 
scale A would be set by the higher-dimensional Planck mass, which is 
the dimensional parameter governing the Einstein action and which 
gives the scale at which non-perturbative gravitational effects become 
important. 

So in the absence of wave-function effects corresponding to a sep- 
aration of our colliding quanta in the extra dimension(s), we should 
expect both dimension-six compositeness contact interactions in the 
scattering of quanta with scale set by Mp, and the production of phys- 
ical higher-dimensional black holes in the collisions of quanta provided 
the centre of mass energy exceeded Mp to be above threshold for the 
production of a (quasi-classical) black hole. Our results then have 
serious implications for the potential observability of black holes, or 
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specific effects of non-perturbative gravitation, at upcoming colliders 
like the LHC. Already reference [58] has noted that the LEP limits on 
the operator K'^^{eedd) > 26 A TeV (in the same PDG normalization 
that we have adopted) would preclude study of quantum gravity at 
the LHC unless some degree of wave-function suppression effects were 
invoked. The limits on the compositeness scale (which for gravitation- 
ally induced compositeness should be universal and set by the Planck 
scale) that we have derived in the previous section are more than an 
order of magnitude more severe. For the non-supersymmetric case we 
were able to bound the compositeness scale as, 

A > 5.2 • 10^ TeV. (80) 

while in the supersymmetric case the limit was even stronger. This 
implies that if nature is described by an extra dimensional theory with 
strong higher-dimensional gravity, then either the Planck scale of the 
higher dimensional theory is more than an order of magnitude beyond 
the gravitational scales that will be accessible to direct study at the 
LHC, or else there are very large effects in the theory associated with 
the wave- function separation in the extra dimension(s). In turn this 
implies that studies of the observability and signatures of gravitational 
effects at the LHC, which are usually undertaken ignoring such wave 
function effects, are studies adapted to theoretical cases already ex- 
cluded by leptonic pion decay; to realistically assess the signatures for 
extra dimensional strong gravity physics at the LHC new studies are 
required, which incorporate precisely the kind of wave- function sup- 
pressions necessary to prevent the model from already being excluded 
by pion data. 

8 Conclusions 

As we have seen, the ratio of branching ratios in leptonic pion decay 
represents a very powerful test of theories of physics beyond the elec- 
troweak standard model. We have seen, in particular, that it provides 
stringent limits on R-parity violating interactions in supersymmet- 
ric theories, on theories with light (electroweak scale as opposed to 
GUT or Planck scale) leptoquark degrees of freedom, on non-minimal 
models of extra doublet Higgs bosons, on models in which the quarks 
and leptons are composite both without supersymmetry (and with or 
without parity conservation in the substructure dynamics) and with 
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supersymmetry, and on models with strong TeV scale gravitational 
interactions. Moreover, at present the theoretical prediction for the 
ratio i?^ is a factor of forty more precise than the experimental de- 
termination. Experiments presently underway should improve the ex- 
perimental precision by up to an order of magnitude. Through com- 
parison of these future more precise measurements of i?,^ with the 
existing high precision standard model predictions, these ongoing ex- 
periments have a potential window of discovery for physics beyond the 
standard model, which for certain classes of models extends to very 
large mass scales. Either we will see evidence for physics beyond the 
standard model in the next round oi tt lu experiments, or else we 
will have even more powerful constraints on putative standard model 
extentions. 
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